The sublethal stress of the organophosphate insecticide chlorpyrifos was investigated in different tissues of the freshwater crab (Barytelphusa guerini). Crabs were exposed to 1/3 of LC 50 concentrations for 7, 14, 21, and 28 days. After 28 days, they were released into fresh water and kept for 18 days for recovery. The study was conducted by estimating total proteins, amino acids, ammonia, urea, and glutamine levels, and protease, transaminases, and phosphatases activities. Total proteins level was decreased whereas amino acids and ammonia were increased. The urea content was decreased in all tissues and glutamine exhibited a mixed response. Protease activities and those of alanine and aspartate aminotransferase, respectively, were elevated. Acid phosphatase activity was reduced in hepatopancreas and brain and induced in gills and muscle. Alkaline phosphatase activity was enhanced in gills and hepatopancreas and reduced in muscle and brain. The crabs recovered from the biochemical stress caused by chlorpyrifos after their release into fresh water.
Introduction
It has been reported that as much as 70% of the pesticides used in pest control programs in agriculture affect non-target organisms inhabiting rivers, estuaries, and adjacent aquaculture ponds that are fed by the rivers/estuaries (Ozha, 1998; Selvakumar et al., 2005) . Organophosphate pesticides are an important insecticide class, which are widely used in agriculture and for domestic purposes to control insect pests (Rodrigues et al., 2001) . Crab fi shery is developing rapidly, and there is a vast potential market for crab meat due to its delicacy and nutritional richness. Some species of crabs are edible and a number of others are commercially important for the fi shmeal industry. Among the various resources, crab is a valuable and easily accessible food, rich in lipids. A crab contains lipids of superior nutritional quality; it represents an important category of seafood. The nutritional value of crabs depends on their biochemical components such as proteins, carbohydrates, and lipids. These components serve as sensitive indicators for detecting potential adverse effects, particularly the early events of pollutant damage, because their alterations appear before the clinical symptoms produced by the toxicant (Almeida et al., 2002; Rao, 2006) .
The organophosphate insecticides are known to affect crustaceans; e.g. monocrotophos interferes with the neuroendocrine regulation in the freshwater crab Barytelphusa guerini (Patil et al., 2008) , chlorpyrifos affects survival and growth of Palaemonetes argentines (Montagna and Collins, 2007) , the nutritive value of the freshwater fi eldcrab Spiralothelphusa hydrodroma (Senthilkumar et al., 2007) , as well as oxygen consumption and ammonia excretion of the freshwater crab Trichodactylus borellianus (Montagna and Collins, 2008) . In this context, it is noteworthy to mention that information on recovery of crabs after cessation of toxic exposure is lacking. Therefore, the present study was undertaken to investigate the effect of a sublethal concentration of chlorpyrifos on metabolites (total proteins, -diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphorothioate, CPF] is a broad-spectrum insecticide commonly known as dursban. It is used extensively for the management of domestic and agricultural pests. It is effective in controlling Coleoptera, Diptera, Homoptera, and Lepidoptera in soil or on foliage of over 100 crops. The study was conducted for a total of 28 days, and samples were taken after 7, 14, 21, and 28 days. Crabs exposed to chlorpyrifos for four weeks were released into freshwater in order to follow readjustment of metabolism once the toxic agent is withdrawn. The recovery study was carried out at intervals of 3 days up to 18 days.
Evaluation of the

Material and Methods
The freshwater crabs Barytelphusa guerini (H. Milne Edwards) were collected from a local supplier and brought to the laboratory in aerated large plastic tubs. They were acclimatized for 30 d in a large cement tank, submerged under water, and fed with commercially available dry prawns. Crabs weighing between 40 and 45 g were transferred to plastic tubs for a further period of four weeks for conditioning. The natural photoperiod of 12 h light/12 h dark was maintained. The average values of water quality during the investigation were as follows: temperature, (25 ± 3) °C; pH, 7.4 ± 0.4; dissolved oxygen, (8.24 ± 0.22) mg/L; total hardness, (415 ± 1.2) mg/L as CaCO 3 ; alkalinity, (348 ± 1.6) mg/L as CaCO 3 ; and chloride, (245.57 ± 1.44) mg/L.
The insecticide chlorpyrifos (20% EC) was purchased from a local market (National Organic Chemical Industry Limited, Bombay, India). The 96-h LC 50 value of CPF was determined in the laboratory using the semi-static method of Finney (1971) . A stock solution of CPF was prepared by dissolving it in acetone. A control group of 24 crabs was kept in water with addition of the carrier solvent acetone. During subacute studies, a group of 60 crabs were exposed to sublethal concentrations of 0.07 ppm chlorpyrifos (1/3 of 96-h LC 50 of 0.21 ppm) for a period of 28 d. After four weeks, 36 crabs were released into fresh water and kept there for 18 d in order to study the recovery pattern. Water was renewed daily and the required concentration was maintained by adding the toxicant directly to the water. Crabs were starved 24 h prior to sampling. At intervals of 7 d, sampling of control and exposed crabs was done (up to 28 d); sampling during recovery was done at intervals of 3 d for a period of 18 d. Crabs were sacrifi ced, and gills, leg muscle (hereafter called muscle), hepatopancreas, and nervous tissue (brain) were dissected carefully and used for the determination of biochemical parameters.
Homogenates (1%, w/v) of the tissues were prepared in trichloroacetic acid (TCA) using a Potter-Elvehjem homogenizer for the estimation of total proteins (Lowry et al., 1951) using bovine serum albumin as standard. Free amino acids (FAA) were assayed by the method of Moore and Stein (1954) using tyrosine as standard. Levels of ammonia were determined using ammonium chloride as standard (Natelson, 1971) , of urea by the diacetyl monoxime method (Natelson, 1971) , and of glutamine by the acid hydrolysis method of Wilcox (1967) .
For the assays of aspartate aminotransferase (AAT) (E.C.2.6.1.1) and alanine aminotransferase (ALAT) (E.C.2.6.1.2), 5% (w/v) homogenates of tissues were prepared in 0.25 M ice-cold sucrose solution, and the activities determined by the method of Reitman and Frankel (1957) . Protease activity was measured as described by Moore and Stein (1954) ; the reaction mixture contained 100 μL of sodium phosphate buffer (100 μM, pH 7.0) and 12 mg of denatured (heated at 41 °C) hemoglobin as substrate. The activity of protease is represented as mg amino acids released/ (g protein h). Activities of alkaline phosphatase (ALP) (E.C.3.13.1) and acid phosphatase (ACP) (E.C.3.13.2) were determined by the methods of Moss et al. (1986) and Jabeen (1984) , respectively.
The experiments were repeated three times, and data were analysed by Student's t-test. There was no signifi cant change in the values of controls, so summarized control values were used. Signifi cant differences from exposure values above 5% were accepted as levels of statistical signifi cance.
Results
Freshwater crabs, Barytelphusa guerini, were exposed to a sublethal concentration of chlor-pyrifos for 28 days. Their recovery was assessed after transfer into freshwater and further maintenance for 18 days. Biochemical parameters were determined both during the exposure and recovery phase in regular intervals. The results are presented in Figs. 1 to 5. The total proteins content decreased continuously in gill, muscle, hepatopancreas, and brain during the exposure period (Fig. 1A) . The maximum decrease was noticed in the brain. After cessation of toxicant exposure, all values exhibited a recovery response. Increases in free amino acids and ammonia levels were observed in all tissues (Figs. 1B, 2A) . The increases were continuous throughout the 28 days. The highest increase in ammonia content was shown by gill and brain, respectively. There was more recovery in the ammonia than in the amino acids content, respectively, during the recovery period. The urea content decreased in all tissues, maximum decrease was observed in hepatopancreas followed by muscle, gill, and brain. After cessation of CPF toxicity, the muscle urea content returned to control levels, whereas gill, hepatopancreas, and brain showed more recovery (Fig. 2B ). Gill and hepatopancreas glutamine contents increased throughout the exposure period, while they decreased in muscle and brain. When the CPF preexposed crabs were transferred into clean water, the glutamine level recovered to the control value in gill; recovery was also more in hepatopancreas and the difference between control and recovered hepatopancreas tissue was -2% (signifi cant) (Fig. 3A) . Of all the metabolites investigated, recovery in the urea content was highest, followed by the ammonia content.
Protease activity increased continuously during the exposure period (Fig. 3B) . Maximum induction was shown by hepatopancreas followed by gill, brain, and muscle. Slight to more recovery in the activity of protease was noted. Aspartate and alanine transaminase activities were induced in gill, muscle, hepatopancreas, and brain during 4 weeks of CPF intoxication, and there was recovery when the crabs were released into freshwater (Figs. 4A, 4B ). Recovery in the alinine activity was almost near to the control in muscle and brain, the difference between the control and recovered groups was 1.5 and 1.9% (signifi cant), respectively (Fig. 4B) .
The reduction in acid phosphatase activity was gradual in hepatopancreas and brain, being highest (-55% and -44%) at the end of 4 weeks, while gill and muscle acid phosphatase activities were enhanced. When CPF-exposed crabs were kept in clean water for 18 days, the acid phosphatase activity recovered and maximum recovery was seen in gills (Fig. 5A) . The alkaline phosphatase activity was enhanced in gill and hepatopancreas and reduced in muscle and brain (Fig. 5B) . When the crabs were released into freshwater, the alkaline phosphatase activity recovered in all tissues.
Discussion
The freshwater crustacean Barytelphusa guerini is a nutritious food source for humans. The nutritive value depends on constituents such as proteins, carbohydrates, and lipids. Under extreme stress conditions, proteins supply energy in metabolic pathways and biochemical reactions. Therefore, an assessment of the protein content in different tissues can be used as a diagnostic tool for determining the physiological state of an organism (Prasath and Arivoli, 2008) . The decrease in the protein content in tissues of B. guerini within 28 days suggests active proteolysis. Pesticides are known to induce depletion of the protein content of B. guerini exposed to endosulfan (Reddy et al., 1991) and in Spiralothelphusa hydrodroma exposed to cypermethrin (Sreenivasan et al., 2009) . Senthilkumar et al. (2007) also reported a decreased protein content in different tissues of the fi eld crab Spiralothelphusa hydrodroma exposed to lower and higher concentration of chlorpyrifos. Protein depletion in tissues constitutes a physiological mechanism which provides energy to cope with the stress of CPF intoxication. The reduction could also be due to the direct effect of CPF on protein metabolic demand as suggested by Senthilkumar et al. (2007) . The quantity of protein is dependent on the rates of protein synthesis and degradation (Ogueji and Auta, 2007) . A decrease in DNA and RNA contents in tissues of Scylla serrata exposed to napththalene has been reported by Vijayavel and Balasubramanian (2006) . The depletion in total proteins in the present study might be due to the inhibition of RNA synthesis at the transcriptional level (Singh et al., 1996) . The decrease in the protein content could also be due to the production of heat-shock proteins or destructive free radicals as a result of pesticide-induced apoptosis as suggested by Selvakumar et al. (2005) . There are no reports in the literature on the recovery of crustaceans from the impact of toxicants. In the present study, when crabs exposed to CPF for four weeks were released into freshwater, recovery of the total proteins content was observed. Alterations in the amino acids level indicate the condition of a tissue, and its increase or decrease might be considered as the operation of the stress phenomenon at the tissue level (Shakoori et al., 1976) . Increased levels of free amino acids observed in the present study might be due to their decreased utilization and are also suggestive of the protein catabolism. When B. guerini were transferred to clean water, the recovery of the free amino acids content indicates that these tissues had actually recovered from CPF toxicity. At the end of 18 days of recovery, slight decreases (4%) in the amino acids levels were observed in gill and muscle tissue. Ammonia, amino acids, and urea are the three principal end products of the protein catabolism that are released into the environment through gills in decapods (Regnault, 1987) . The elevated ammonia content might be due to increased am- moniagenesis in CPF-intoxicated crabs. Ammonia is a toxic metabolite, and excess ammonia is known to trigger the operation of detoxifi cation or utilization systems, chiefl y by way of formation of less toxic nitrogenous substances such as urea and glutamine (Begum, 2004) . The decrease in the urea content suggests its elimination from the body. After cessation of toxicity, recovery in ammonia and urea contents was observed. Mobilization of ammonia towards the formation of the less toxic compound glutamine is also evident from this study. According to Philip and Rajasree (1996) , glutamine production will be switched on when the tissue accumulates ammonia. Synthesizing glutamine from toxic ammonia might have helped the crab to overcome the stress of CPF intoxication. The decrease in the glutamine levels in muscle and nervous tissue was a tissue-specifi c response. At the end of 18 days of recovery, the glutamine level in gill tissue was near to the control value. The activity of protease was induced in all tissues, highest induction was observed in hepatopancreas. Increased proteolysis as a result of enhanced protease activity provides more energy to compensate the stress caused by the toxicity of CPF. After 18 days in clean water, recovery in protease activity was observed.
Marker enzymes, such as phosphatases and transaminases, serve as specifi c indicators of water pollution-induced changes in enzyme activities of crustaceans (Vijayavel and Balasubramanian, 2006) . The acid phosphatase activity was reduced in hepatopancreas and nervous tissue (Fig. 5A) , which could be due to the direct inhibitory action of CPF on acid phosphatase. A similar reduction in acid phosphatase activity in tissues of prawns exposed to endosulfan was reported by Bhavan and Geraldine (2001) . In the present study, the acid phosphatase activity was increased in gill and muscle tissue. The increase could be due to the destruction of the lysosomal membrane, thus causing the release of enzyme. Acid phosphatase induction refl ects proliferation of lysosomes in an attempt to sequester the toxic xenobiotic (Gill al., 1992) . Acid phosphatase in gill tissue recovered maximally after transfer of the crabs from CPF toxicant to freshwater. CPF-caused induction in the alkaline phosphatase activity in gill and hepatopancreas might be due to the accelerated membrane transport function related to anion-hydroxide exchange across the lipid biomembranes mediated by organotin compounds as suggested by Jaroli and Sharma (2005) . Another reason for the increase could be the destruction of smooth endoplasmic reticulum membrane (Khan and Pandya, 1986) . Reduction in the alkaline phosphatase activity in nervous tissue and leg muscle can be taken as an index of parenchymal damage, necrosis, and uncoupling of oxidative phosphorylation. When the crabs were transferred into CPF-free water, the alkaline phosphatase activity recovered maximally in gill tissue.
Enhanced transaminase activities may feed amino acids into the TCA cycle in order to cope with the enhanced energy requirement under the toxic stress of CPF. Similar increases in aspartate aminotransferase and alanine aminotransferase activities were reported in tissues of crabs exposed to organophosphate pesticides (Reddy et al., 1987) . The elevation in transaminase activity might be due to the decreased protein content observed in the tissues of the crab. When CPF-exposed crabs were released into freshwater, recovery in aspartate aminotransferase and alanine aminotransferase was highest in hepatopancreas and leg muscle. The difference between the control and the recovered leg muscle was only 1.5%. The recovery might be due to increased rates of enzyme synthesis in order to compensate for the activity of lost enzyme as suggested by Ay et al. (1999) .
Conclusion
The present study demonstrates the sublethal effect of CPF on the protein metabolism of the crab Barytelphusa guerini. CPF caused altera- 
